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I. INTRODUCTION
Among the newly discovered phenomena related to short-range magnetic correlations, an interesting example is the parimagnetic phase observed in ErCo 2 .
1 Parimagnetism consists in the antiparallel alignment of the net magnetization of each sublattice in the magnetically disordered, high temperature phase (T > T c ), of a twosublattice system under an applied magnetic field, differently to the usual paramagnetic phase where the two sublattices would present net magnetizations parallel to the applied magnetic field. This phenomenon indeed contradicts the usual interpretation of the RCo 2 series as simple exchange-enhanced paramagnets with a rare-earth dominated magnetism.
2-4
The hierarchy of exchange magnetic interactions in RCo 2 is J Co−Co ≫ J R−Co , 5, 6 while J R−R is usually neglected. Therefore, the formation of Co short-range magnetic correlations in the paramagnetic phase is energetically favored. Indeed, Co magnetic correlations have been previously identified at the origin of some anomalies in the transport properties of RCo 2 , but it had been ascribed to critical fluctuations, 7 near the Curie temperature. Nevertheless, previous works on ErCo 2 and HoCo 2 ; including small angle neutron scattering (SANS), 1, 8 longitudinal (χ ac ) 9 and transverse (TS) 8,10 magnetic susceptibilities and muon spin relaxation spectroscopy (µSR), cal resistivity measurements.
14 Magnetization and transport properties show the fingerprint of high temperature magnetic correlations in related compounds, such as Er(Co x Ni 1−x ) 2 15 and Er(Co x Ti 1−x ) 2 . 16 Other intermetallic Laves phases do also show magnetic correlations at high temperatures compared with T C : Déportes and coworkers 17 claimed the existence of short-range magnetic order at four times T C in CeFe 2 , evidencing the importance of transition metal interactions in the paramagnetic phase of these intermetallic compounds.
Previous work in ErCo 2 allowed to identify a Griffiths -like phase within its magnetically disordered phase.
9 A Griffiths phase can be seen as the realization of shortrange order, within a diluted magnet of a given concentration x, lying between the percolation concentration, x p , and the undiluted "pure" system, x = 1.
18 The Griffiths phase appears below a given temperature, T G , above the critical ordering temperature of the diluted system and that of the pure one: T x c < T G < T 1 c . The short range order is a kind of low-temperature remnant of the magnetic order of the undiluted system, in the temperature range at which the system would order spontaneously if it were not diluted. This is the scenario in most of the physical realizations of Griffiths phases claimed up to now, as in germanates [19] [20] [21] [22] , manganites [23] [24] [25] and alloys. 9, 22, 26, 27 The ac-susceptibility curve obtained for ErCo 2 shows the usual deviation from a Curie Weiss behavior below a certain temperature which is, however, recovered under applied magnetic field. 19, 20, 22, 24 Such extreme sensitivity to the applied field is characteristic of a Griffiths phase. 23, 25 However, the physical origin of a Griffiths -like phase in a pure compound like ErCo 2 is not easy to understand.
From previous experimental work 1,8-11,28-31 parimagnetism in ErCo 2 is a consequence of short-range correlations between Co magnetic moments and it is natural to investigate whether this phenomenon is present among other ferrimagnetic RCo 2 .
A systematic X-ray magnetic circular dichroism (XMCD) study together with magnetic susceptibility measurements performed in RCo 2 with R= Dy, Ho and Tm, are presented in order to obtain a more complete description of the magnetism above T c in these compounds. Our work indicates that parimagnetism observed in the ErCo 2 system is found in the RCo 2 R= Dy, Ho and Tm, members of the series too, and the effect of shortrange correlations are even stronger than those found in ErCo 2 , showing some unexpected features reminiscent of compensation points in rare-earth transition metal compounds.
II. SAMPLE CHARACTERIZATION AND EXPERIMENTAL DETAILS
Polycrystalline ingots of RCo 2 with R= Dy, Ho and Tm were prepared following a standard procedure by melting together the metallic precursors in an arc furnace under Ar atmosphere. An excess of 1% of rare earth has been added to obtain a final sample with the correct stoichiometry, taking into account the amount of rare earth which is evaporated during the melting process. The samples were annealed under Ar atmosphere at 850
• C for twelve days in order to improve the homogeneity. X-ray diffraction analysis on powdered samples was performed in a Rigaku RTO 500RC diffractometer with Bragg-Brentano geometry using Kα Cu radiation at room temperature. The Rietveld analysis shows very well crystallized samples, as shown in previous works 1 and no impurities within the 2% of accuracy of powder diffraction methods.
A complete magnetic characterization has been performed on the powdered samples. The longitudinal ac susceptibility has been measured under applied fields up to µ 0 H=5 T in a SQUID Quantum Design magnetometer from T =4 K to T =400 K. Magnetization (M ) (Fig. 1) and ac susceptibility χ ac as function of temperature measured for the three ferrimagnetic systems show critical temperatures T c = 136 K, 78 K and 4.6 K for DyCo 2 , HoCo 2 , and TmCo 2 , respectively, which coincide with those reported in the literature.
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The presence of short-range magnetic correlations above T c has been studied by means of transverse susceptibility (TS). These measurements were performed using a radiofrequency (RF) self-resonant circuit oscillator using CMOS transistors coupled with a LC tank, operating at a frequency of about 12 MHz. 33 The sample and coil set are designed to fit into a commercial Quantum Design PPMS probe such that the perturbing RF magnetic field inside the coil (≈ 10 −3 T) is oriented perpendicular to the external dc magnetic field H dc supplied by the PPMS superconducting magnet, thus setting the transverse geometry. In a TS measurement at a fixed temperature, the resonant frequency f is recorded as the H dc field is swept from positive to negative saturation (unipolar scan) and then back to positive (bipolar scan). Since the change in frequency of the circuit, ∆f , is a direct consequence of the change in inductance as the sample is magnetized, ∆f is proportional to the variation of the transverse susceptibility of the sample, ∆χ T , the magnitude of physical interest. In the present study, the quantity [∆χ
as function of the applied field H dc is the one considered, where χ Sat T is the transverse susceptibility at the saturating field µ 0 H sat =1 T, within a temperature range 2.5 K< T < 300 K. Details on the technique and the circuit can be found in Ref. 33 .
The skin depth, δ, of the RCo 2 compounds has been calculated by the well-known formula δ = ρ / 2πfµ where ρ is the resistivity, µ the magnetic permeability and f the excitation frequency. The values range between 30 µm at low temperatures and 180 µm for T > T c up to room temperature. In order to assure that the RF magnetic field penetrates the entire grain the sample has been powdered to reach a grain size of average diameter ∼ 1.5 µm, well below δ, to avoid the formation of eddy currents on the surface.
X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) measurements were carried out at the UE46-PGM1 beamline, at BESSY synchrotron facility, Berlin. The measurements were performed at the Co L 2,3 and the Dy, Ho and Tm M 4,5 absorption edges with a polarization rate of 0.9. The temperature was varied between 5 K to 350 K under applied fields between µ 0 H=0.25 T and µ 0 H=6 T. The detection method used was total electron yield. In order to prevent the spurious signals due to surface oxidation, the polycrystalline ingots were cleaved in an ultra high vacuum chamber just before starting its exposure to the X-ray beam.
III. EXPERIMENTAL RESULTS
A. X-ray magnetic circular dichroism DyCo 2 , HoCo 2 and TmCo 2 have been studied by means of XMCD spectroscopy to obtain the elementspecific magnetization in these materials. The XMCD signals show the usual spectral shape, for Co L 2,3 and R M 4,5 edges, as is mentioned in Refs. 34 and 35 respectively. The XMCD signals at the R M 4 edges have in every case the same sign and (as expected) much reduced intensity with respect to the the R M 5 edge ones, and will be, therefore, omitted in the majority of this work, for the sake of clarity. Figs. 2, 3 and 4 show XMCD spectra for Co L 2,3 edges (left) and Dy, Ho and Tm M 5 edges (right), respectively, at selected temperatures and at an applied magnetic field of µ 0 H=1 T for DyCo 2 and TmCo 2 and µ 0 H=2 T for HoCo 2 .
The Co absorption at the L 2,3 edges has been normalized using the usual 2:1 branching ratio. 36 The normalization of the M 4,5 , has been performed by setting to 1 the maximum of the unpolarized absorption (obtained by averaging right and left polarized light XAS). The net magnetic moment of the rare-earth sublattice has been assumed to be proportional to the area under the XMCD signal at R M 5 edge, 37 in such a way that negative values for the integral calculated from the XMCD spectrum correspond to a positive sign of the R net magnetic moment. On the other hand, given A and B, the areas under the Co XMCD curves at the L 3 and L 2 edges respectively, the magnetic moment per Co atom is proportional to −5A + 4B. 34 The spectra at the top of each panel in Fig. 2 and 3 , show the XMCD signals recorded below T c in DyCo 2 and HoCo 2 , respectively. The sign of these spectra demonstrates the ferrimagnetic ordering of these phases, with the larger rare-earth net magnetic moment parallel to the applied field and the Co one, much smaller, antiparallel to it. XMCD could not be measured below T c on TmCo 2 , as T c lies below the lowest temperature achievable at the experimental setup.
The temperature range in which a parimagnetic con- figuration takes place on DyCo 2 , can be identified from mere inspection of Fig. 2 . Indeed, it is clear that the XMCD signal at the Co L 2,3 and Dy M 5 absorption edges at T = 188 K, (=T c + 43 K at µ 0 H=1 T) has the same sign as the one recorded at T = 140 K, (5 K < T c at µ 0 H=1 T). This indicates that on average, the Co and the Dy net moments are antiparallel within a wide range of temperature above T c . As evidenced in Fig. 2 , for applied field µ 0 H=1 T and T >188 K, the XMCD signal at the Co L 2,3 changes sign, remaining thereafter unchanged up to the highest studied temperature.
Above the temperature at which the net moment of Co Tc is the long-range magnetic ordering temperature, T1, is the temperature at which the net magnetization of Co changes from negative to positive and T2, is the temperature at which the net magnetization of the rare-earth sublattice changes from positive to negative magnetization sublattice is zero, T ≈ 220 K, the disordered Co atomic magnetic moments are polarized by the applied magnetic field, creating a positive Co magnetic moment. Analogous results are obtained in HoCo 2 and TmCo 2 ( Fig. 3 and Fig. 4) . Well above T c , at 96 K and 25 K for HoCo 2 and TmCo 2 respectively, the sign of XMCD signal for Co L 2,3 edge remains unchanged with respect to the ferrimagnetic phase, which is the telltale characteristic of parimagnetism. At a higher temperature, which depends on the magnitude of the applied field and R, the net Co magnetic moment changes from negative to positive. In Figs. 3 and 4 it can be seen that at T =135 K and µ 0 H=2 T for HoCo 2 and T =35 K and µ 0 H=1 T for TmCo 2 , the Co net magnetic moment is aligned parallel to the applied magnetic field, as expected in paramagnetism.
Up to this point, our results in RCo 2 for R = Dy, Ho, and Tm show a behavior that is similar to that previously observed in ErCo 2 1 . At higher temperatures, an interesting feature is found in these compounds. For example, the Dy signal in DyCo 2 is small, (indeed comparable to noise level) but the minute, positive signal at 1296 eV observable in the bottom right panel of Fig. 2 suggests a reversal on the sign of the Dy XMCD at the M 5 edge for T > 228 K. The Dy sublattice magnetization would become opposite to the Co net magnetization and to the applied magnetic field. The experimental results on HoCo 2 and TmCo 2 unambiguously confirm this trend: Ho and Tm M 5 XMCD signals change their sign at high temperature, above T = 135 K and T = 35 K, respectively (right bottom spectra of Fig. 3 and Fig. 4 ). In view of these results, two temperatures at which one of the two sublattice magnetization crosses zero well above the critical temperature can be defined: T 1 , where the net magnetization of Co changes from negative to positive and T 2 , where the net magnetization of the rare-earth sublattice changes from positive to negative (see Table I ).
The separate thermal evolution of Ho and Co net magnetic moments obtained from XMCD measurements at µ 0 H=1 T is shown in Fig. 6 . The signals in the ferrimagnetic phase have been scaled to the values of Ho and the Co moments, as reported from neutron diffraction experiments. 38 As expected, the total magnetization measured in a SQUID magnetometer coincides with the sum of both magnetization sublattices, i.e., the sum of Ho and twice the Co net magnetization sublattices. Both Ho and Co magnetizations show abrupt jumps at the ordering transition. T 1 and T 2 are also indicated.
One would expect that under a sufficiently high applied magnetic field, the conventional paramagnetic configuration should be recovered. To complete our study of the paramagnetic phase of the RCo 2 series, we measured XMCD for applied fields from µ 0 H=0.25 T up to µ 0 H=6 T, at selected temperatures. Fig. 5 shows the XMCD spectra recorded at the Co L 2,3 and Ho M 4,5 edges (left and right panel, respectively) measured in HoCo 2 at T =352 K. The experimental results show that a field of µ 0 H=4 T at room temperature is required to recover the polarization signs of conventional paramagnetism for HoCo 2 . The Co XMCD signal is essentially unchanged, indicating that Co net magnetization is parallel to the applied magnetic field at T =352 K, independently of the orientations of the Ho net magnetic moment.
Four configurations, common to the three ferrimagnetic compounds for Co and R net magnetic moments are identified from the XMCD measurements under applied magnetic fields up to µ 0 H=5 T in a temperature range between T =4 K to T =350 K : a) the long-range ordered antiparallel alignment below T c ; b) the parimagnetic low-field intermediate-temperature phase, denoted as parimagnetic-1, (which is essentially the parimagnetism observed in ErCo 2 ); c) the expected hightemperature paramagnetic configuration, which almost disappears at low fields, substituted by d) an unexpected, high-temperature parimagnetic configuration with an inverted, negative net rare-earth magnetization, denoted as parimagnetic-2 to differentiate it from the low temperature parimagnetic one.
B. ac magnetic susceptibility
As it has been discussed in previous works, 1,9,39 the occurrence of parimagnetism in ErCo 2 is due to a competition of interactions on the Co sublattice. In particular, the Co-Co exchange interaction is responsible for the short-range order correlations which facilitate the collective reversal of the Co moments at the temperature where the net moment of the Co magnetic sublattice crosses zero. The phenomenology found by means of XMCD experiments in DyCo 2 , HoCo 2 , and TmCo 2 , is similar to that observed in ErCo 2 , and therefore short-range correlations in the paramagnetic phase of the RCo 2 systems considered in this study, are expected to occur. Indeed, previous SANS measurements have been used recently to probe the presence of short-range correlations within the magnetically disordered phase of HoCo 2 ,
8 yielding a correlation length of 7Å in HoCo 2 around T 1 , in coincidence with our previous result in ErCo 2 1 . Magnetic ac susceptibility measurements will be presented here to get insight on the origin of parimagnetism in those compounds.
The inverse of χ ′ ac (T ), for DyCo 2 (left), HoCo 2 (center) and TmCo 2 (right), at selected applied magnetic fields between µ 0 H=0 T to µ 0 H=5 T is shown in Fig 7. In a standard paramagnetic system, the inverse of χ ′ ac (T ) has a linear dependence with temperature, according to the Curie-Weiss law
where N is the number of dynamic entities, θ is the Curie temperature, and µ eff is the effective magnetic moment. R magnetic moments are two orders of magnitude larger than the Co one, 40, 41 for T > T c in the RCo 2 , therefore, µ eff is expected to be entirely due to the rare-earth moment.
Within this approximation, the dashed lines in Fig. 7 represent the contribution to the paramagnetic susceptibility from R ions by using the S, L and J values predicted by the Hund's rules, and assuming that only the ground state J is populated. The estimated values for ac can be observed for the three compounds, with the presence of one or two minima in the curves for µ 0 H <=1 T. Those strong deviations from the simple Curie-Weiss curve at lower applied magnetic fields corresponds to values of µ eff considerably higher than those estimated from the rare-earth magnetic moment only. For example, the curve measured at zero applied field for HoCo 2 allows to extract a Curie-Weiss value of µ eff ∼ 13 µ B , about 2.5 µ B higher than the predicted value for R magnetic moment only. The high-temperature XMCD signal at the Co L 2,3 edges shows a non negligible magnetic moment in Co, that is nevertheless not large enough to explain the strong µ eff observed. We ascribe the high value of µ eff to the formation of volumes of short-length correlated spins, of about 1.5 nm in diameter near T 1 , as observed by SANS in ErCo 2 and HoCo 2 1,8 .
At high applied fields, the ac magnetic susceptibility decreases and at µ 0 H=5 T the expected linear trend of the inverse susceptibility for RCo 2 with small, uncorrelated Co moments is almost recovered. This behavior, also observed in magnetically disordered ErCo 2 , has been related with the extreme sensitivity to the applied field of χ ac taking place at the onset of a Griffiths-like phase.
19,23,25
C. Radio-frequency transverse susceptibility and magnetic phase diagrams
Transverse Susceptibility (TS) technique has been used to study the anisotropic magnetic properties and magnetic switching in a variety of systems from multilayered thin films 42 to single crystals 43 and nanoparticles.
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More interesting to our case, a careful analysis of TS profiles (their shape and magnitude) has also revealed several fascinating features, such as phase coexistence and short-range correlations that are present in doped manganites 43, 45 and cobaltites. 46, 47 Indeed, the sensitivity of this technique to short-range magnetic correlations has been previously demonstrated in RCo 2 compounds 10,11 , as it provides insight of the spin dynamics in each temperature region, particularly in their magnetically disordered phase. While an unipolar TS scan recorded below T c , on a polycrystalline ferromagnet has a maximum at a field, H M which coincides with the switching field, H S , which is the field needed to reverse the direction of the net magnetization; an ideal paramagnet shows H M =0 45 since the magnetic moments are disordered and uncorrelated, being able to adiabatically follow the RF excitation. In contrast, the TS bipolar scans measured above T c in ErCo 2 showed maxima at nonzero H M in the temperature range where short-range magnetic correlations are present.
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In this work we present TS results performed in DyCo 2 , HoCo 2 and TmCo 2 . DyCo 2 bipolar scans are shown in The peaks are broad, but the switching field can still be properly determined. TS bipolar scans at and above T c are narrower than that measured below T c . In particular, H M is almost zero at T c (panel b), but it is clearly nonzero at higher temperatures. The finite values of H M found at T > T c in DyCo 2 suggest the occurrence of short-range correlations within the paramagnetic region. The shortrange order gives rise to an increase in the field needed to reverse the magnetic moments, H M , as they follow the RF excitation, in agreement with previous experimental works. 10, 43, 46 A description for a similar study on HoCo 2 can be found in Ref. 8 where the same phenomenology has been observed up to temperatures as high as T = 300 K. The temperature evolution of H M can be obtained from the analysis of the TS profiles measured at a number of temperatures, as shown in the top panel of Figs. 9, 10, and 11 for DyCo 2 , HoCo 2 and TmCo 2 respectively. In the three studied systems H M = 0 for T < T c due to the long-range ferrimagnetic alignment between the R and Co magnetization sublattices. Then, the H M profile shows a minimum at T c , associated to the collective switching behavior of the rare-earth and Co moments in the ferrimagnetic ordered state. Above T c , H M never reaches zero in the measured temperature range. This is an indication of the presence of short-range correlations in all the RCo 2 compounds, since, as it has been pointed out before, H M = 0 in an ideal paramagnet.
The H M curve measured for DyCo 2 shows two minima, one at 150 K (at T c ) and a second one at T =200 K approximately coincident with T 1 as obtained from the XMCD analysis. The minima in the H M profile matches with the maxima observed at the magnetic susceptibility, as it is shown in the middle panel of Fig. 9 . At temperatures above T 1 , the H M curve increases slowly, and no feature is present at the temperature T 2 due to the inversion of the Dy moments. These observations indicate that the net magnetic moment in the field direction due to the Co short-range correlated moments is the dominant contribution to the TS susceptibility for T above T c . The R moments, instead, follow adiabatically the Co short-range correlated moments behavior. Magnetization measurements at temperatures above T c have been performed in DyCo 2 48 corroborating that the H M values depicted in Fig 9 within the disordered magnetic phase do not correspond to a switching field of any spurious ferro-or ferrimagnetic phase.
The characteristic relaxation time of the fluctuation due to these short-range correlations can be calculated from Ref. 9 as τ SRC ≃ 10 −3 s in the temperature range of T 1 which is much larger than the experimental time τ exp = 1/ω exp = 10 −7 s. Therefore, the maxima in the RF TS at H = 0 may be observed in spite of the paramagnetism shown by DC magnetization. 48 At T > T c , the drag caused by this slow reaction to the RF excitation results in a displaced profile at each unipolar scan and the TS bipolar scans show two maxima, (at ±H M ). As the Co net moment is reduced near the compensation temperature T 1 the τ SRC decreases and therefore the value of H M decreases. Similar results are found for HoCo 2 and TmCo 2 , but additionally, in the case of HoCo 2 very large values of H S can be also seen in the proximities of the spin reorientation transition that in this compound occurs at T =16 K.
49
The correspondence between the results from the TS and XMCD measurements can be seen more clearly when comparing the top panel of Figs. 9, 10, and 11 with their corresponding bottom panels, where new magnetic phase diagrams for DyCo 2 , HoCo 2 , and TmCo 2 are proposed are selected values of Tc from the literature. 48 Full symbols indicate the field and temperature values at which XMCD measurements have been recorded in DyCo2.
are used for the ferrimagnetic phase (Co ↓ Dy ↑). , • and are used in the disordered region, to indicate the parimagnetic-1 (Co ↓ Dy ↑), paramagnetic (Co ↑ Dy ↑) and parimagnetic-2 configurations (Co ↑ Dy ↓) respectively. from our extensive XMCD data. In the magnetic phase diagrams, schemes of the magnetic configurations of Co and R moments are depicted to distinguish the ferrimagnetic, parimagnetic-1, paramagnetic and parimagnetic-2 configurations. The full symbols represent temperature and field values at which XMCD data were acquired to obtain the phase diagram. Square, inverted triangle, circle and triangle corresponds to the ferrimagnetic, parimagnetic-1, paramagnetic and parimagnetic-2 configurations respectively, as deduced from the Co L 2,3 and R M 4,5 XMCD spectra. Open squares are selected values are selected values of Tc from the literature. 48 Full symbols indicate the field and temperature values at which XMCD measurements have been recorded in HoCo2.
are used for the ferrimagnetic phase (Co ↓ Ho ↑). , • and are used in the disordered region, to indicate the parimagnetic-1 (Co ↓ Ho ↑), conventional paramagnetic (Co ↑ Ho ↑) and parimagnetic-2 configurations (Co ↑ Ho ↓) respectively.
of T c obtained from the literature (Ref. 48 ). The dashed lines are a guide to the eye that suggest a separation between the regions at which the different alignments between the Co and R net magnetic moments take place on the magnetic phase diagram for T > T c .
In general, the H M curve depicts the same regions observed in the phase diagrams obtained from XMCD in the three compounds. However, the temperature T 1 obtained from TS measurements, is lower than the temperature T 1 obtained from XMCD in DyCo 2 and TmCo 2 . are values of Tc from magnetization as function of temperature measurements presented in Fig. 1 . are the temperatures and fields at which the alignment between Co and Tm net magnetic moment is antiparallel for temperatures above Tc (parimagnetism-1).
• are the temperatures and fields at which the XMCD analysis indicates a parallel alignment between Co, Tm net magnetic moments and H (conventional paramagnetism).
are the temperatures and fields at which the XMCD analysis indicates that Tm net magnetic moment is antiparallel to Co net magnetic moment and to the applied field H (parimagnetism-2).
We ascribe such a discrepancy to the difference between the processes that are probed by each experiment; while XMCD is a static technique, TS is sensitive to the magnetic relaxation processes; therefore the temperature at which a given process is observed may vary. The XMCD experiments reflect R and Co magnetization separately while the TS measurements senses the whole RCo 2 system. Table I allows to compare the compensation temperatures T 1 and T 2 obtained from XMCD at µ 0 H=1 T and the temperature T 1 obtained from TS experiments.
IV. DISCUSSION
The onset of parimagnetism can be understood as a result of the internal and external magnetic fields acting on the Co sublattice. Within the mean field approximation one can consider three contributions to the total field acting on one of the Co moments: the external applied field, H appl , the molecular field due to the R sublattice, H R−Co , and the molecular field from the Co sublattice itself, H Co−Co . The direction of the applied magnetic field, H appl defines the positive direction for magnetization. The magnitude of the molecular field for R and Co sublattices depends on both the total magnetization of each sublattice and the molecular field constants: n R−Co , and n Co−Co , which are proportional to the exchange interactions, J R−Co , and J Co−Co , respectively.
The key point to understands the RCo 2 magnetism above T c lies in the fact that the Co-Co interaction (J Co−Co ∼ 10 meV)
5 is much stronger than the Co-R interaction (J R−Co ∼ 0.1 meV). 6 The difference of two orders of magnitude between the interactions would lead to a magnetism dominated by cobalt. However, the electronic structure is such that the Co magnetic moment in the paramagnetic region is about two orders of magnitude smaller than the rare-earth magnetic moments 28 , and therefore, the interaction energies J Co−Co µ Co µ Co and J R−Co µ R µ Co are similar in magnitude. This equilibrium between the two internal fields may be easily destabilized by small or local variations on the crystal or electronic structure. J Co−Co is so large that a fluctuation on the Co magnetic moment, either dynamic or static, will locally generate an exchange energy reduction by creating a short-range Co-Co ferromagnetically correlated zone. As cited before, the presence of magnetic short-range correlation have been confirmed by µSR spectroscopy in ErCo 2 11 below ∼200 K, and short-range correlation lengths of about 8Å below ∼150 K have been evidenced by SANS 1, 8 in ErCo 2 and HoCo 2 . Moreover, the ac magnetic susceptibility in the paramagnetic region of RCo 2 (R=Ho, Dy, or Tm) at zero field clearly does not follow the expected Curie linear dependence. The actual curve obtained by measuring a given sample is batch-and history dependent, although the general tendency in polycrystalline samples is the one shown in Fig. 7 : samples have a much larger polarizability than expected in the paramagnetic region, with susceptibilities typically two to five times larger than expected. The application of a (rather large) magnetic field is required to remove this extra polarizability and in some cases, µ 0 H=5 T are barely enough to recover the paramagnetic values. A very detailed characterization of the samples (x-ray and neutron diffraction, electron mi-croscopy) do not show a noticeable presence of impurities which may reasonably explain the experimental behavior. However, any local deviation of stoichiometry would generate electronic and structural changes able to strongly correlate Co moments.
Indeed, density functional theory calculations to be published elsewhere 50 show that the formation of small Co short-range-correlations is favored near defects, vacancies, grain boundaries or electronic instabilities. This result reminds the strong spin fluctuations 51 which have been relevant to understand the paramagnetism and the transport properties of the Co Laves phases for decades. Any instability that locally enhances a Co magnetic moment generates a very strong internal H Co−Co field, which easily may overcome the effect of the applied and H R−Co fields, enhancing short-range correlations around it. A very interesting novelty in this work is that, in RCo 2 , the Co short-range correlations not only generate parimagnetism at low field and temperature but also are able to reverse the (small) net magnetization of the rare earth sub-lattice at higher temperatures under moderate applied fields. Therefore, as long as short-range magnetic correlations are present; both configurations, parimagnetism-1 and parimagnetism-2, are explained by the competition between external and molecular fields acting on the Co moments.
As discussed in the Introduction, a Griffiths-like phase was identified in ErCo 2 9 . From the analysis of the longitudinal ac susceptibility, we find in DyCo 2 , HoCo 2 , and TmCo 2 the usual enhanced polarizability related with Griffiths phases, while the expected value is recovered under applied magnetic field. 19, 20, 22, 24 This sensitivity to the applied field is also characteristic of the formation of Griffiths phases.
23, 25 The enhanced effective moment values found in the magnetically disordered phase can be ascribed to the formation of spin-correlated volumes which are in agreement with previous SANS results 1, 8 , as expected in a Griffiths phase. Finally, the occurrence of parimagnetism itself requires that Co sublattice magnetization overcomes the lanthanide one, which is only possible if a relatively large number of Co moments ferromagnetically coupled form a larger, although short lived 1,11 , cooperative magnetic moment. Therefore, it is plausible to propose the formation of a Griffiths-like phase above T c in the RCo 2 compounds analyzed in this paper.
However, as also mentioned in the Introduction, a Griffiths phase occurs in a magnetic diluted system and it is observed through the formation of short-range magnetic correlations in the range T c < T < T G , being T G < T ′ c , the critical temperature of the undiluted system.
It is relevant to note that amorphous RCo 2 order magnetically at T . In contrast, Co in crystalline RCo 2 has a reduced magnetic moment, as a consequence of the electronic structure in the ordered solid.
7 One may think of the crystalline RCo 2 as a system in which magnetic Co has been "diluted" by the effect of the electronic structure. Therefore, RCo 2 could be considered as behaving like a magnetically "diluted" system, where the large cobalt moments, present in the amorphous phase, have been removed, indeed substituted by small, fluctuating magnetic moments (of the order of 0.2µ B in ErCo 2 ).
28 However, the Co-Co interaction is very strong (J Co−Co ∼ 10 meV) 5 and it comes naturally that spin fluctuation on Co moments in RCo 2 easily induce ferromagnetically correlated volumes. As said before, Co develops a magnetic moment in RCo 2 near any imperfections or grain boundaries present in the system. These magnetic moments may add to intrinsic, dynamical spin fluctuations to generate a background density of short range order correlations. Those would be at the origin of the observed Griffiths-like phase behavior, and in some cases may be stable enough to induce parimagnetism, i.e. to reverse the net magnetic moment of the rare earth ions at temperatures above room temperature, in a magnetically disordered image of the compensated state above T am comp . In summary, parimagnetism would be a consequence of a Griffiths-like phase of the undiluted, high-temperature magnetically ordered amorphous RCo 2 . The new "dilution" mechanism at play in this Griffiths phase is not compositional, but purely magnetic, with origin in a combination of electronic-structure and local order around Co atoms. Considering the RCo 2 amorphous alloy as the "pure", undiluted system sets T 
V. CONCLUSIONS
Several experimental techniques have shown the existence of parimagnetism (the antiparallel configuration of the net magnetization of two sublattices within the paramagnetic phase) among ferrimagnetic systems in the Co Laves phases family. XMCD results in RCo 2 (R = Dy, Ho, and Tm) show not only the inversion of Co magnetization sublattice at a compensation temperature T 1 well above T c , as observed in ErCo 2 . Surprisingly, the inversion of R magnetization sublattice at a second compensation temperature, T 2 > T 1 , gives rise to a high temperature parimagnetic configuration, with the rare earth moment antiparallel to the Co one and to the field, which resembles the high temperature state of the magnetically ordered amorphous RCo 2 .
These findings depict a new magnetic phase diagram for DyCo 2 , HoCo 2 and TmCo 2 , with two new parimagnetic configurations above T c and below an applied field threshold of about 3 − 5 T. The origin of parimagnetism is understood in RCo 2 as a consequence of the relative intensity of both, the exchange interactions present in the system, and the relative magnitude of the cobalt and rare-earth magnetic moments. As the Co-Co exchange constant is two orders of magnitude stronger than the Co-R one, the molecular field of Co sublattice is dominant as soon as any fluctuation locally drives the Co magnetic moment higher than its average value, given by the electronic structure: a local deviation of stoichiometry, impurities, vacancies, or even statistical spin fluctuations would generate strong correlations between Co moments, originating the formation of short-range correlated volumes. The strength of the Co-Co interaction would transmit this correlations along the system. Indeed, the detailed study of TS profiles as function of temperature has shown a finite value of H M for all temperatures and compounds, which is a clear indication of short-range correlations. On the other hand χ ac measurements confirm a very high effective moment µ eff , calculated from the χ −1 ac (T ) curves, which is congruent with the occurrence of Co short-range correlations. The recovery of the Curie behavior under applied field suggest a Griffiths-like behavior, which has also been observed in ErCo 2 . An interpretation of parimagnetic RCo 2 as a Griffiths phase stands on an electronic structure -based dilution of the Co moment with respect to the "high temperature phase" represented by magnetically ordered amorphous RCo 2 .
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